Originally thought of as a stomach-derived endocrine peptide acting via its receptors in the central nervous system to stimulate food intake and growth hormone expression, ghrelin and its receptor (growth hormone secretagogue receptor (GHS-R)) are widely expressed in a number of organ systems, including cancer cells. However, the direct functional role of ghrelin and its receptor in tumors of central nervous system origin remains to be defined. Here, we demonstrate that the human astrocytoma cell lines U-118, U-87, CCF-STTG1, and SW1088 express 6-, 11-, 15-, and 29-fold higher levels of GHS-R compared with primary normal human astrocytes. The ligation of GHS-R by ghrelin on these cells resulted in an increase in intracellular calcium mobilization, protein kinase C activation, actin polymerization, matrix metalloproteinase-2 activity, and astrocytoma motility. In addition, ghrelin led to actin polymerization and membrane ruffling on cells, with the specific co-localization of the small GTPase Rac1 with GHS-R on the leading edge of the astrocytoma cells and imparting the tumor cells with a motile phenotype. Disruption of the endogenous ghrelin/GHS-R pathway by RNA interference resulted in diminished motility, matrix metalloproteinase activity, and Rac expression, whereas tumor cells stably overexpressing GHS-R exhibited increased cell motility. The relevance of ghrelin and GHS-R expression was verified in clinically relevant tissues from 20 patients with oligodendrogliomas and grade II-IV astrocytomas. Analysis of a central nervous system tumor tissue microarray revealed that strong GHS-R and ghrelin expression was significantly more common in high grade tumors compared with low grade ones. Together, these findings suggest a novel role for the ghrelin/GHS-R axis in astrocytoma cell migration and invasiveness of cancers of central nervous system origin.
Ghrelin, a 28-amino acid acylated orexigenic peptide, is believed to be largely secreted from X/A-like cells of the stomach (1, 2) . The ghrelin gene encodes a 117-amino acid precursor peptide (preproghrelin) that shares 82% homology between rat and human (1) . A mutation in the preproghrelin sequence (R51Q) has been shown to be prevalent in obese subjects (3) . Ghrelin binds to the third transmembrane domain of the G protein-coupled receptor (GPCR) 2 known as the growth hormone secretagogue receptor (GHS-R) (4) . Ghrelin is currently known to be the most potent endogenous inducer of the growth hormone (GH)/ insulin-like growth factor-1 (IGF-1) axis (5) and of food intake in mammals (6) . The post-translational acyl modification of ghrelin is believed to be critical for its ability to bind to GHS-R and to mediate its biological activities (1, 7) . Given that this octanoic group confers hydrophobicity to the N terminus of ghrelin, it may be that this group is responsible for specific targeting of ghrelin to lipid rafts (8) and also for its efficient transport across the blood-brain barrier (9) . The deacylated (desacyl) form of ghrelin does not appear to mediate effects attributed to GHS-R; however, it has been reported recently that transgenic mice over expressing the desacyl form of ghrelin are small and have a blunted GH/IGF-1 axis, supporting a biologically relevant regulatory role for this isoform (10) . The mRNAs for ghrelin and GHS-R are expressed in a wide variety of tissues and cell types (11) . More recent studies have described a number of additional functions for ghrelin, including its ability to inhibit inflammatory cytokine expression (8, 12) , to promote neurogenesis (13) , to enhance memory retention (14) , to induce adiposity (6, 15) , and to exert prosurvival effects on cardiomyocytes (16) . Repeated administration of ghrelin improves left ventricular function, exercise capacity, and muscle wasting in patients with chronic heart failure (17) . In addition, a recent report has demonstrated an association of several single nucleotide polymorphisms and haplotypes within the GHS-R gene region with human obesity (18) . The GHS-R gene is located within the quantitative trait locus on chromosome 3q26-q29, which is involved in the traits of metabolic syndrome and obesity (19) . Given the association between obesity and the susceptibility to develop various cancers (20) , it seems feasible that ghrelin/GHS-R interactions may play a pathophysiological role in both these complex conditions.
Among the metabolic hormones, the growth hormone-releasing hormone/GH/IGF axis has been most widely studied in the development and progression of various cancers, including tumors of the central nervous system (21) (22) (23) . Most cancer cells express components of the IGF system, and it has been demonstrated that elevated IGF-1 levels are associated with brain tumor development (24, 25) . Moreover, inhibition of IGF-1 (21, 26, 27) and growth hormone-releasing hormone (28) production blocks glioblastoma growth. Somatostatin, a negative regulator of the GH/IGF axis, has also been shown to exert potent anti-migratory and anti-invasive effects in neuroblastoma cells (29) . A recent report has hypothesized that the ghrelin/GHS-R axis may operate through a similar autocrine/paracrine role in cancer biology (30) . Ghrelin and GHS-R have been reported to be expressed in variety of cancers, including endocrine tumors (31) , breast carcinomas (32) , prostate cancer cells (30, 33) , lung carcinomas (34) , hepatomas (35) , thyroid carcinomas (36) , ovarian cancer (37) , and gastrointestinal cancer (38) . However, little is known about the expression of ghrelin or GHS-R in central nervous system cancers.
Astrocytomas are the most common central nervous system tumors, and the malignant forms include anaplastic astrocytoma (grade III) and glioblastoma (grade IV). These brain tumors are a major cause of cancer-related mortality, with a life expectancy of 1-3 years despite a multimodal therapy (39) . These tumors are especially difficult to treat due to their high proliferation rate, increased angiogenesis, and invasion into surrounding brain tissues (40) . Given that ghrelin has been identified recently as a positive regulator of the somatotropic axis, which has been shown to influence central nervous system tumor growth, we sought to determine whether this protein or its receptor plays any direct role in astrocytoma cell growth and function. Our findings provide the first evidence for the existence of ghrelin/GHS-R signaling pathways in astrocytomas and demonstrate that an endogenous hormonal loop may play a critical role in astrocytoma motility and invasiveness.
MATERIALS AND METHODS
Cells and Reagents-Four human glial cell lines (CCF-STTG1, U-87, U-118, and SW1088 cells) were obtained from the American Type Culture Collection and cultured as recommended by the supplier, and primary human astrocytes were purchased from Cambrex Corp. (Baltimore, MD). The octanoylated ghrelin-(1-18) fragment (Peptides International, Inc., Louisville, KY) was used to treat the cells in culture.
Intracellular Calcium Mobilization and Actin Polymerization-Measurement of intracellular calcium release in response to ghrelin was performed as described previously (8) . Briefly, cells were incubated in phosphate-buffered saline containing Ca 2ϩ and Mg 2ϩ along with 5 M Fura-2 acetoxymethyl ester (Molecular Probes, Eugene OR) for 30 min at room temperature. The cells were subsequently washed and then resuspended at 1 ϫ 10 6 /ml in phosphate-buffered saline. A total of 2 ml of the cell suspension was placed in a continuously stirred cuvette at room temperature in a PerkinElmer Life Sciences LS50B spectrophotometer. Fluorescence was monitored at ex1 ϭ 340 nm, ex2 ϭ 380 nm, and em ϭ 510 nm. The data are presented as the relative ratio of fluorescence excited at 340 and 380 nm.
For the actin polymerization studies, astrocytoma cells were incubated with ghrelin (100 ng/ml) for 20 min, after which the cells were fixed and permeabilized in 2% paraformaldehyde solution containing 0.1% Triton X-100. The fixed and permeabilized cells were subsequently labeled for F-actin using Alexa Fluor 594-labeled phalloidin, and the nucleus was counterstained with 4Ј,6-diamidino-2-phenylindole (Molecular Probes).
Immunofluorescence Staining-Immunofluorescence staining and microscopy were performed as described previously (8) . Briefly, cells were fixed and permeabilized using 2% paraformaldehyde plus 0.1% Triton X-100, and nonspecific binding sites were blocked using an Fc block (Pharmingen) and 5% bovine serum albumin for 30 min. Cells were incubated overnight at 4°C with different combinations of human anti-GHS-R goat IgG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-ghrelin rabbit IgG and anti-preproghrelin rabbit IgG (Phoenix Pharmaceuticals, Inc., Belmont, CA), anti-Rac mouse IgG (Sigma), and anti-golgin-97 mouse IgG (Molecular Probes). Cells were examined by high resolution microscopy, and images were acquired using SPOT Advanced software (Diagnostic Instruments, Sterling Heights, MI) on a Zeiss Axiovert S100 microscope under an ϫ100 objective lens.
Small Interfering RNA Knockdown Experiments-For all transfection studies, each of the astrocytoma lines was seeded in 6-well plates until 80% confluent. Control scrambled and GHS-R1a small interfering RNAs (siRNAs) were designed, synthesized, and labeled with rhodamine (Qiagen Inc., Valencia, CA). In addition, two separate ghrelin siRNA sequences (Sequence 1 from Qiagen Inc. and Sequence 2 from Dharmacon, Inc. (Lafayette, CO)) were also utilized to specifically knockdown ghrelin expression by these cell lines. For each of the siRNA constructs, the astrocytoma cells were transfected using Lipofectaminebased RNAifect reagent (Qiagen Inc.), after which these cells were utilized for the functional studies 24 -48 h later.
Generation (8) . The isolated RNA (2 g) and oligo(dT) primers were utilized to synthesize single-stranded cDNA using a reverse transcription kit (Invitrogen) according to the manufacturer's instructions. The PCR was set up using SYBR Green Master Mix (Applied Biosystems, Foster City, CA) along with 1 l of cDNA and the gene-specific primers at a final concentration of 0.3 M. Thermal cycling was carried out on an Applied Biosystems GeneAmp 7700 sequence detector, and SYBR green dye intensity was analyzed using GeneAmp 7700 SDS software. The human GHS-R1a and ghrelin primers utilized in these studies were described previously (11) . No PCR products were generated from genomic versus cDNA template.
Ghrelin Assay-Immunoreactive ghrelin was measured in duplicate by an enzyme-linked immunosorbent assay using a rabbit polyclonal antibody against the full-length ghrelin peptide (Phoenix Pharmaceuticals, Inc.) according to the manufacturer's instructions.
Motility and Invasion Assays-Scratch and Transwell invasion assays were performed as described previously (41) . For the scratch assays, astrocytoma cells were placed in 12-well plates coated with fibronectin (Pharmingen). After the cells were allowed to attach and reach confluency, a scratch was made through the fibronectin, and photographs of cells invading the scratch were taken at the indicated time points. Alternatively, cells were also fixed and stained with hematoxylin and Alexa Fluor 488-labeled phalloidin. For the Transwell invasion assays, cells were labeled with 5 mM calcein acetoxymethyl ester at 37°C for 1 h and then placed on Matrigel-coated Transwell filters as described (41) . A total of 800 l of media containing various concentrations of ghrelin was placed in the lower chambers to generate a chemoattractant gradient. Each experiment was repeated a minimum of three times, and readings were performed on a Cytofluor 4000 fluorescent plate reader at excitation and emission wavelengths of 480 and 530 nm, respectively. Data are represented as the means Ϯ S.E., and analysis of variance with Tukey's test was used to determine the statistical significance (p Ͻ 0.05).
Gelatin Zymography-Cells were cultured in the presence or absence of ghrelin for 24 -48 h, after which the conditioned medium was collected, diluted in sample buffer (50 mmol/liter Tris (pH 6.8), 0.5% SDS, 10% glycerol, and 0.2% bromphenol blue), and separated by electrophoresis on a 7.5% polyacrylamide gel containing 1 mg/ml gelatin as a substrate. SDS was removed by washing the gel with 2.5% Triton X-100 for 1 h at room temperature, followed by overnight incubation in reaction buffer (50 mM Tris (pH 7.6), 150 mM NaCl, 2.5 mM CaCl 2 , and 0.02% sodium azide). Gel staining was performed for 1 h at room temperature with 0.25% Coomassie Blue R-250, 50% methanol, and 7.5% acetic acid, after which the gel was destained with 10% acetic acid until clear bands representing proteinase activity appeared over a dark background.
Western Blot Analysis-Control and treated cells were lysed in radioimmune precipitation assay buffer supplemented with protease and phosphatase inhibitor mixture (Sigma), and protein concentrations of cell lysates were determined. These lysates (30 g) were diluted with sample buffer, separated on 4 -20% Tris-HCl/SDS-polyacrylamide gels (Bio-Rad), and electrophoretically transferred to nitrocellulose membranes (Schleicher & Schüll). The blots were then incubated with rabbit antibody raised against phosphorylated protein kinase C (PKC) or total PKC (Cell Signaling Technology, Beverly, MA) or with an actin-specific mouse monoclonal antibody (Sigma). Immune complexes were visualized by incubation with horseradish peroxidase-conjugated anti-rabbit or anti-mouse secondary antibody (Amersham Biosciences). Immunoreactive bands were visualized by enhanced chemiluminescence (PerkinElmer Life Sciences).
Tissue Microarrays and Immunohistochemistry-The tissue microarrays utilized in these studies contained cores from 20 glioblastomas, 20 anaplastic astrocytomas, 20 infiltrating astrocytomas, and 20 oligodendroglial lesions (42) . Microscopic examination of these arrays by a certified neuropathologist confirmed that the appearance of the tumor tissue cores corresponded to that in the donor blocks. To assess the expression of ghrelin and GHS-R on these tissue arrays, paraffin-embedded tumors were sectioned and deparaffinized using xylene, 100% EtOH, 95% EtOH, 75% EtOH, and H 2 O series, and antigens were retrieved by steaming samples in Dako target retrieval buffer for 20 min as described previously (41) . After blocking the nonspecific binding sites, sections were incubated overnight at 4°C with the appropriate antibodies. The sections were stained with 3,3Ј-diaminobenzidine substrate and counterstained with Meyer's hematoxylin. Negative controls (obtained by occulting the primary antibody or by using an unrelated IgG) demonstrated no specific labeling. An investigator was blinded to the tissue array, which was then graded for immunopositivity of GHS-R and ghrelin based on the strength of the specific cytoplasmic labeling on a scale of 0 (no staining), 1ϩ (weak staining), 2ϩ (moderate staining), and 3ϩ (strong staining). The significance of the differences in GHS-R and ghrelin expression was examined by performing a Fisher's exact test analysis on a four-way contingency table containing low grade versus high grade tumors and weak/no versus moderate/strong staining.
RESULTS

Functional Ghrelin Receptor Is Overexpressed in Human Astrocytoma
Cells-The presence of GHS-R mRNA has been detected in many forms of cancer (30); however, GHS-R gene and protein expression in astrocytoma cells is currently unknown. Using immunofluorescence labeling, we observed that the GHS-R protein is widely expressed in the CCF-STTG1 cell line (Fig. 1A) and in the astrocytoma cell lines U-87, U-118, and SW1088 (Fig. 1B) . It is interesting that normal human astrocytes (NHAs) demonstrated only very weak immunopositivity for GHS-R (Fig. 1B) compared with the astrocytoma cell lines. Moreover, ghrelin treatment resulted in the redistribution of GHS-R to the membrane ruffles on the leading edges of these cells (Fig. 1A , lower left panel), suggesting a role for GHS-R in interactions with adjacent cells or in cell migration. Quantitative real-time PCR analysis also revealed overexpression of GHS-R1a mRNA in all astrocytoma cell lines tested, with the highest expression (30-fold) in SW1088 cells compared with NHAs (Fig. 1C) .
We next investigated the functionality and responsiveness of GHS-R-positive astrocytoma cells to acylated ghrelin. Ligation of GPCRs is often accompanied by the dramatic remodeling of the actin cytoskeleton and cell-surface molecules and the formation of membrane ruffles (43). Moreover, ligand binding to many functional GPCRs also results in mobilization of calcium from the intracellular stores via the generation of inositol triphosphate (44). This intracellular calcium results in the activation of PKC, which plays a role in actin polymerization, cell motility, and glioma progression (45) . Similar to other GPCRs, ghrelin treatment of astrocytoma cells induced a marked increase in actin polymerization along with membrane ruffling and development of structures resembling lamellipodia compared with the vehicle control ( Fig. 2A) . In addition, we also observed a significant increase in intracellular calcium FIGURE 1. GHS-R expression in human astrocytoma cells. A, CCF-STTG1 (CCFS) cells were labeled for GHS-R (red), and F-actin was visualized using Alexa Fluor 488-labeled phalloidin (green). Control cells (upper panels) displayed a diffuse distribution of GHS-R. Upon ghrelin treatment (100 ng/ml), GHS-R was redistributed to the leading edge of the cell (lower panels). B, GHS-R protein (red) was widely expressed in U-118, U-87, and CCF-STTG1 cells compared with NHAs. C, shown is the -fold change in GHS-R 1a mRNA expression after normalization with glyceraldehyde-3-phosphate dehydrogenase as measured by real-time reverse transcription-PCR.
release in the U-87 astrocytoma cell line upon ghrelin treatment (Fig.  2C ). Because activation of PKC downstream of intracellular calcium release is associated with cytoskeletal changes as well as with increases in motility and invasion in several cancers, including melanoma (41), colon carcinoma (46) , breast carcinoma (47) , and glioma (45), we next examined whether ghrelin activates PKC in astrocytoma cells. We observed a time-dependent increase in PKC phosphorylation in U-87 cells (Fig. 2B ) that was sustained for 60 min after ghrelin treatment.
Several recent studies have suggested that ghrelin may also bind and function through an unknown receptor distinct from GHS-R1a in cardiomyocytes (16) , human erythroleukemic cells (48) , and prostate cancer cells (33) . In an effort to determine that the effects of ghrelin on astrocytoma cells are mediated through GHS-R, we down-regulated GHS-R1a in U-87 cells using specific siRNA constructs. Control (scrambled) and GHS-R siRNA sequences were labeled with rhodamine to track their entry and transfection efficiency (supplemental Fig. 1 ). In Ghrelin treatment causes aggregation of GHS-R and Rac in membrane ruffles and promotes astrocytoma cell motility and invasion. A, cells were triple-labeled for F-actin using Alexa Fluor 488-conjugated phalloidin (green), anti-goat GHS-R antibody, and anti-mouse Rac antibody, followed by specific secondary antibodies conjugated to Alexa Fluor 594 (red) and Alexa Fluor 355 (blue). Untreated cells (upper panels) displayed a broad distribution phenotype of GHS-R and Rac upon ghrelin treatment (15 min), and GHS-R was tightly co-localized with Rac on the leading edge of cells in membrane ruffles. B, ghrelin increased CCF-STTG1 and SW1088 cell motility in a scratch assay. Note the almost complete closure of the scratch in cells treated with ghrelin on a fibronectin-coated plate. C, Matrigel-coated Transwell chamber assay revealed a dose-dependent increase in cell invasion after ghrelin treatment. D, ghrelin increased gelatinolytic MMP2 activity in U-87, U-118, and SW1088 cells. Note that SW1088 cells expressing maximum GHS-R displayed the greatest increase in MMP activity after ghrelin exposure. support of the studies described above, we also found that ghrelin treatment induced a rapid spike in intracellular calcium release in control scrambled siRNA-transfected cells, whereas GHS-R1a siRNA-transfected cells demonstrated a significantly diminished response upon ghrelin exposure (Fig. 2C) . Similarly, we also found that ghrelin treatment resulted in a time-dependent increase in PKC activation in control siRNA-treated U-87 cells (Fig. 2D ) and SW1088 cells (data not shown). However, cells in which GHS-R expression was inhibited by RNA interference failed to induce a time-dependent increase in PKC activity (Fig.  2D) . Together, these results demonstrate that ghrelin is capable of stimulating astrocytoma cell lines via functional GHS-R1a.
GHS-R Co-localizes with Rac in Membrane Ruffles on the Leading Edge of Astrocytoma Cells, and Ghrelin Treatment Promotes Astrocytoma Cell
Motility and Invasion-Given that ghrelin increases PKC activity, we next studied the spatial localization of GHS-R with Rac. Rac belongs to the Rho family of small GTPase proteins and plays a key role in the reorganization of the actin cytoskeletal network and the formation of lamellipodia and thereby regulates cell migration and adhesion (48) . Localization of Rac on the leading edge of the cell is believed to increase motility and also to impart directionality to cellular movement (49) . Given the actin polymerization and PKC activation upon ghrelin treatment of astrocytoma cells lines, we examined the localization of GHS-R, Rac, and F-actin at various times after ghrelin treatment of CCF-STTG1 cells. Ghrelin treatment led to the redistribution of GHS-R on the polar ends of the cells after 15 min (Fig. 3A) and 30 min (data not shown) of ghrelin treatment. In addition, GHS-R was found to be tightly co-localized with F-actin and Rac on the leading edge of astrocytoma cells in structures resembling lamellipodia. Such a pattern of receptor redistribution and location suggests a potential role for GHS-R in astrocytoma cell motility.
On the basis of above findings that astrocytoma cell lines express functional GHS-Rs and appear to induce changes in actin organization and PKC and Rac activation, we next examined the ability of ghrelin to induce astrocytoma cell motility and invasion. Astrocytoma cells (CCF-STTG1 and SW1088) were grown to confluency on fibronectin-coated plates, and then a scratch was inflicted with a sterile micropipette. These scratched monolayers were subsequently treated with ghrelin or vehicle control for various time periods. The results revealed a significant ghrelin-induced increase in the motility of other astrocytoma cell lines, including U-87 and U-118 (data not shown), as assessed by cells migrating into the scratch (Fig. 3B) , whereas desacyl ghrelin failed to show any significant increase in cell motility (data not shown). This increased motility was also supported through the use of Matrigel-coated Transwell chamber invasion assays that mimic the three-step process of invasion, viz. adhesion, proteolysis of the extracellular matrix, and cell migration (50) . As shown in Fig. 3C , ghrelin led to a dose-dependent increase (p Ͻ 0.05) in the migration and invasion of CCF-STTG1, U-118, U-87, and SW1088 cells. The SW1088 and U-87 cell lines demonstrated the greatest degree of migration in response to ghrelin, most likely due to increased GHS-R expression by these cells.
Matrix metalloproteinases (MMPs) are a family of zinc-dependent proteinases that degrade the extracellular matrix, promoting tumor invasion and metastasis (51) . To determine whether ghrelin-induced invasion is associated with an increase in MMP activity, we performed gelatin and casein zymography. Ghrelin led to a dose-dependent increase in gelatinolytic activity corresponding to MMP2 in U-87, U-118, and SW1088 cells (Fig. 3D) , with no change in MMP3, MMP9, MMP10, and MMP7 activity after zymography (data not shown). It is interesting that the SW1088 cells, which expressed the highest levels of GHS-R, displayed maximum invasion and increased MMP2 activity . Ghrelin is expressed in and secreted by astrocytoma cells, and specific ghrelin knockdown reveals an autocrine role in cell motility. A, shown are the results from real-time PCR analysis of ghrelin mRNA expression in astrocytoma cell lines normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All primers spanned the exon boundaries to prevent amplification of genomic DNA. Compared with NHAs, human U-87 and SW1088 astrocytoma cells expressed the highest levels of ghrelin mRNA. The PCR product was visualized on 2% agarose gel (lower panel); no product was generated from cDNA samples prepared by omitting the reverse transcriptase. CCT and CCFST, CCF-STTG1; Neg C, negative control. B, ghrelin secretion by astrocytoma cells is shown. SW1088 cells secreted the highest levels of ghrelin compared with NHAs, and ghrelin siRNA resulted in significant reduction of secreted ghrelin protein. C, control. C, ghrelin siRNA (Sequences 1 (S1) and 2 (S2)) inhibited MMP2 activity and Rac expression (lower panels) in U-87 and SW1088 cells without affecting MMP9 activity. WB, Western blot. D, specific ghrelin down-regulation by siRNA resulted in significant inhibition of U-87 cell motility in a scratch assay. Seq 1, Sequence 1.
after ghrelin treatment, suggesting an essential role for the ghrelin/ GHS-R pathway in the invasion of these cells.
Ghrelin Expression in Astrocytoma Cells Is Critical for Their
Motility-Although the majority of ghrelin in the circulation is produced by the stomach, recent studies have demonstrated that ghrelin is also expressed and secreted from human immune cells (8) and in a variety of cancers (30) . We therefore investigated the presence of ghrelin mRNA and protein in astrocytoma cells. As demonstrated by real-time reverse transcription-PCR analysis, ghrelin mRNA was constitutively expressed in all astrocytoma cell lines tested (Fig. 4A) . The SW1088 cells expressed ϳ8-fold higher levels of ghrelin compared with NHAs (similar to the levels observed in human T cells and monocytes), whereas the U-118 and CCF-STTG1 lines demonstrated no significant differences in ghrelin mRNA expression compared with primary human astrocytes. Ghrelin was also secreted into the supernatants in substantial amounts (200 pg/ml) in these cells (Fig. 4B) . Similar to the mRNA levels, SW1088 cells produced the highest levels of ghrelin protein. Treatment of CCF-STTG1 cells with interleukin-1␤, a pro-inflammatory cytokine known to be a potent activator of astrocytes, did not significantly affect ghrelin message or protein expression (supplemental Fig. 2C ). We further studied the subcellular distribution and expression of ghrelin (supplemental Fig. 2A) as well as the 117-amino acid prepro form of ghrelin (supplemental Fig. 2B ). Our data suggest that ghrelin and preproghrelin are expressed in astrocytoma cells, demonstrating a diffuse cytoplasmic labeling. Neither preproghrelin nor ghrelin demonstrated any exclusive localization in Golgi bodies. However, as with many other proteins involved in tumorigenesis, the processing and localization of this protein may be distinct from that in primary cells, as this is in contrast to human T lymphocytes, in which preproghrelin is specifically localized to the Golgi apparatus (8) .
Most cancer cells express the components of the somatotropic GH axis. Our data now suggest that ghrelin, a novel inducer of the GH/IGF axis, is also present in astrocytoma cells. However, the functional significance of hormone expression in cancer cells remains to be elucidated. To understand the functional role of ghrelin expression in astrocytoma cells, we down-regulated the ghrelin using two separate siRNA constructs and examined the effects of the loss of endogenous ghrelin on MMP activity, Rac activation, and cell motility. Compared with control scrambled siRNA (supplemental Fig. 1 ), ghrelin siRNA resulted in significant inhibition of ghrelin secretion into supernatants in all of the cell lines (Fig. 4B) . Ghrelin knockdown by both siRNA sequences (Sequences 1 and 2) resulted specifically in marked inhibition of MMP2 activity in U-87 and SW1088 cells (Fig. 4C) without significantly affecting the MMP9 gelatinolytic activity (Fig. 4C) . More- over, down-regulation of endogenously produced ghrelin in both U-87 and SW1088 cells also led to strong inhibition of Rac expression (Fig.  4C, lower panels) and reduced motility and invasion (Fig. 4D) in a scratch assay. These data strongly support a role for tumor cell-derived ghrelin in astrocytoma motility and invasion.
GHS-R Knockdown and Stable Overexpression Reveal an Autocrine/ Paracrine Role for Ghrelin in Astrocytoma
Motility-A recent study indicates that, in certain cell types and tumors, ghrelin might mediate its effects independently of GHS-R (16). Therefore, we next investigated whether endogenously produced ghrelin mediates its effects on astrocytoma cell motility via a GHS-R-specific interaction. The transfection of U-87 cells with GHS-R siRNA led to significant reduction of GHS-R mRNA (Fig. 5A) , and immunolabeling revealed reduced GHS-R protein levels (Fig. 5B) . To examine the GHS-R-specific mechanism of ghrelin action on astrocytoma motility, U-87 cells transfected with control and GHS-R siRNAs were treated with ghrelin (100 ng/ml), and a scratch test was performed. As shown in Fig. 5C , ghrelin treatment led to an increase in motility and efficient closure of the scratch in the control siRNAtreated cells, but failed to demonstrate any effect on the GHS-R-downregulated U-87 cells. It is interesting that the GHS-R siRNA-transfected cells without any ghrelin treatment also displayed reduced motility compared with control cells, suggesting the inability of endogenously produced ghrelin to promote cell migration. In addition, we observed a significant reduction of constitutive MMP2 activity in GHS-R siRNAtransfected U-87 and SW1088 cells, but not U-118 cells (Fig. 5D) . To further confirm the role of GHS-R in cell motility, we stably overexpressed human GHS-R1a in U-87 cells. Real-time PCR analysis demonstrated a Ͼ200-fold increase in GHS-R expression (Fig. 5, E and F) in transfected cells compared with empty vector controls. The U-87 cells with stable overexpression of GHS-R demonstrated increases in cell motility and invasion in scratch assays compared with pcDNA-transfected U-87 cells (Fig. 5G) . These experiments further suggest an autocrine and/or paracrine role for ghrelin/GHS-R interactions in astrocytoma cell motility and invasion.
Increased Expression of GHS-R and Ghrelin in High Grade
Astrocytomas-To determine whether the observed role of ghrelin and GHS-R is clinically relevant, we quantitated GHS-R and ghrelin mRNA expression by real-time PCR and protein expression by immunohisto-FIGURE 6. GHS-R and ghrelin expression in different grades of human astrocytoma tumor tissue. A, GHS-R immunopositivity was analyzed on a tissue array representing cores from 20 oligodendrogliomas and 60 astrocytomas of varying grades. The upper and lower panels demonstrate specific labeling on a scale from 0 to 3ϩ. B, specific cytoplasmic ghrelin staining was observed in all tumors. Representative sections demonstrate a 1ϩ stained grade II astrocytoma and an oligodendroglioma (ODG) and a giant cell glioblastoma (glioblastoma multiforme (GBM)) displaying strong (3ϩ) immunolabeling with many tumoral gemistocytes negative for ghrelin. C, shown is the quantitation of GHS-R immunopositivity. Each triangle represents staining from four cores representing a tumor from an individual patient. D, shown is the quantitation of ghrelin immunopositivity in the tumor array, revealing broad varying grades of ghrelin expression in tumors. The nonmalignant grade 2 astrocytoma failed to display any strong (3ϩ) ghrelin immunolabeling. E, the GHS-R and ghrelin immunopositivity data from astrocytoma tumors were combined into two broad categories, weak staining (0 to 1ϩ) and strong staining (2ϩ to 3ϩ), and Fisher's exact test analysis was performed on a four-way contingency table containing low grade (World Health Organization grade II) versus high grade (World Health Organization grades III and IV) tumors and weak/no versus strong staining for ghrelin and its receptor. The strong GHS-R and ghrelin expression was found to be significantly higher (p Ͻ 0.05) in cases with high grade invasive astrocytomas. F, real-time PCR analysis of human astrocytoma tumor samples demonstrated a significant increase in GHS-R expression in grade III tumors, whereas ghrelin mRNA expression did not differ between various tumor grades (n ϭ 10 in each grade).
chemistry. To examine the localization and levels of GHS-R protein in the tumor samples, a tumor tissue array with cores from 20 oligodendrogliomas and 60 astrocytomas of grades II-IV was used. Cytoplasmic immunolabeling was graded on a scale of 0 to 3ϩ by an investigator blinded to tumor type and grade (Fig. 6, A and B) . We found that the majority of brain tumors from all grades expressed GHS-R; however, strong GHS-R expression was found only in patients with grade III tumors and in one grade IV lesion (Fig. 6, A and C) . We also examined these samples for ghrelin immunopositivity by immunohistochemistry. Immunohistochemical analysis of the tumor array revealed cytoplasmic ghrelin in the majority of tumors of all grades (Fig. 6B) ; however, grade II astrocytomas, which are known to display a reduced malignant potential, demonstrated only 2ϩ or less immunopositivity, whereas three patients with grade III tumors, five with glioblastoma multiforme tumors, and five with oligodendrogliomas displayed 3ϩ immunopositivity (Fig. 6D) . Focusing more on the astrocytoma tissues, we observed a greater number of cases with intense staining for ghrelin and GHS-R in the high grade lesions (World Health Organization III and IV) as opposed to the low grade ones (World Health Organization II). The distinction between grade II (low grade) and grade III/IV (high grade) is clinically significant, as high grade tumors are associated with poor prognosis and survival. To determine whether GHS-R and ghrelin expression is significantly different in low and high grade invasive astrocytomas, we combined the data into two broad categories, weak staining (0 to 1ϩ) and strong staining (2ϩ to 3ϩ). We next performed a Fisher's exact test analysis on a four-way contingency table containing low grade versus high grade tumors and weak/no versus strong staining (Fig. 6E) . The data suggest that strong GHS-R and ghrelin expression is associated with high grade invasive astrocytomas. The real-time PCR analysis of tumor tissue samples demonstrated expression of GHS-R and ghrelin mRNAs in all stages of the cancers. We observed a significant 3-fold increase in GHS-R expression in grade III anaplastic astrocytomas (Fig.  6F) , whereas ghrelin expression demonstrated no significant differences (p Ͼ 0.05). Overall, the increase protein expression of GHS-R and ghrelin was found to be significantly associated with high grade brain tumors, suggesting a possible role for this pathway in tumor invasion (Fig. 7) .
DISCUSSION
In this study, we have described a novel and as of yet uncharacterized role for the orexigenic hormone ghrelin and its receptor (GHS-R) in astrocytoma growth and invasiveness. Astrocytomas are the most common primary malignant cancers affecting the central nervous system; and despite many advances in therapy, the median survival of patients diagnosed with a high grade astrocytoma is Ͻ1 year (52) . It has been demonstrated previously that astrocytomas display alterations in their responsiveness to epidermal and platelet-derived growth factors (53), somatotropic hormones (28) , and chemokines (54, 55) resulting in increased proliferation and invasiveness and reduced apoptosis. More recently, ghrelin has been hypothesized to play a role in the growth of tumors and neoplasms. Here, we have demonstrated that the ghrelin receptor GHS-R1a is overexpressed in all astrocytoma cells compared with NHAs. SW1088 astrocytoma cells exhibited a Ͼ25-fold increase in GHS-R1a expression, whereas the other cell lines demonstrated a 5-15-fold greater expression of this gene compared with NHAs. Similarly, GHS-R mRNA expression has also been shown to be 200-and 10-fold higher in GH-and thyroid-stimulating hormone-producing adenomas (56) , respectively, compared with their normal cellular counterparts. However, no information has been published to date defining a functional role for tumor-associated GHS-R expression in cancer cells.
Similar to many GPCRs, GHS-R ligation elicits an increase in intracellular calcium mobilization, actin polymerization, and PKC activation. These signaling processes were found to be GHS-R1a-specific, as siRNA downregulated GHS-R1a expression and inhibited ghrelin-induced signaling and function. The majority of the biological effects of ghrelin are currently believed to be mediated through the seven-transmembrane receptor GHSR1a. This is supported by the observation that ghrelin treatment does not induce GH release or an increase in food intake in GHS-R-null mice (57) . However, it has been suggested that ghrelin may also bind and signal through an unknown receptor distinct from GHS-R1a in prostate (33) , breast (32) , and thyroid (58) cancer cells and in human erythroleukemic cells (48) . Although we cannot totally exclude the existence of another ghrelin receptor in astrocytoma cells, our present data clearly demonstrate that, in astrocytoma cell lines, ghrelin seems to signal specifically through GHS-R1a. It has been suggested previously that removal of the octanoyl group at the third serine residue in the ghrelin peptide by endogenous esterases results in a biologically inactive deacylated ghrelin isoform (10) . However, desacyl ghrelin does not appear to be inert and has been suggested recently to act via corticotropin-releasing factor-2 receptors to inhibit stomach motility (59) and also to exert direct anti-apoptotic and anti-proliferative effects in cardiomyocytes and prostate cancer cells via an unknown receptor (16, 32) . However, that desacyl ghrelin does not bind GHS-R and that ghrelin is unable to elicit any biological effects in GHS-Rnull astrocytoma cells suggest that acylated ghrelin and not desacyl ghrelin promotes cell motility.
Many chemokines and other chemoattractants have been shown to signal through G protein-linked seven-transmembrane receptors, leading to membrane ruffling (which is critical to the development of the leading edge) and the retraction of the uropod in migrating cells (60, 61) . Actin cytoskeleton reorganization and polymerization provide the force for cell motility, and Rac, a small GTPase of the Rho family, is a critical regulator of these events (49) . Localization of Rac on the leading edge of a migrating cell in response to intra-and extracellular signals is believed to play an important role in cell motility and may also impart directionality to a migrating cell (62, 63) . As with many chemoattractant receptors, GHS-R demonstrated a specific localization and polarization in the membrane ruffles of the astrocytoma cells upon ghrelin treatment. Moreover, ghrelin treatment also resulted in the co-localization of GHS-R with Rac on the cell edges, suggesting a role for GHS-R1a in cell migration and invasion. On the basis of the profound effects of ghrelin on the calcium/PKC pathway, actin polymerization, and cell polarity (Fig. 7) , we investigated a specific role for ghrelin/GHS-R in cell motility and invasion. Our data demonstrate that ghrelin increases the motility and invasion of astrocytoma cells and that this is associated with a significant increase in MMP2 activity. These findings are supported by a recent report that ghrelin also promotes the invasion of pancreatic adenocarcinoma cells in a GHS-R-dependent manner (64) .
Coexpression of ghrelin and its receptor has now been demonstrated in breast carcinomas (32) , prostate cancer cells (30, 33) , pancreatic adenocarcinomas (64), ovarian cancer cells (37) , testicular cancer cells (65) , thyroid carcinomas (36, 58) , and gastrointestinal tumors (66) . Human astrocytoma cells also seem to constitutively express ghrelin mRNA and protein; however, the mechanisms controlling the expression of ghrelin in these tumors require further investigation. Although stimulation of these cells with interleukin-1␤ causes significant up-regulation of monocyte chemoattractant protein-1 (MCP-1) and other growth factors and surface markers on human astrocytoma cells, ghrelin mRNA or protein expression is not regulated by interleukin-1␤-mediated signals in CCF-STTG1 cells.
Ghrelin mRNA and protein were expressed in all of the astrocytoma cells tested, with U-87 and SW1088 cells expressing significantly higher levels compared with NHAs. The constitutive expression of ghrelin and GHS-R by tumor cells suggests their possible autocrine or paracrine regulatory role in these cells. Consistent with this hypothesis, we observed that astrocytoma cells subjected to ghrelin and GHS-R silencing by RNA interference displayed reduced MMP2 activity, Rac expression, and motility compared with control siRNA-transfected cells. The addition of exogenous ghrelin failed to increase motility in cells with down-regulated GHS-R expression, suggesting that ghrelin-induced increases in astrocytoma cell motility are mediated via functional GHS-R1a receptors. Although exogenous ghrelin increased the invasiveness of U-118 cells, there was no reduction in MMP2 activity upon down-regulation of the ghrelin/GHS-R pathway, suggesting the involvement of an alternate regulatory pathway in these cells. In further support of an endogenous role for ghrelin, we observed a significant increase in GHS-R mRNA expression in grade III anaplastic astrocytomas and moderate or strong expression of cytoplasmic ghrelin protein in the majority of oligodendrogliomas, grade III astrocytomas, and grade IV glioblastomas. It is interesting that elevated expression of both ghrelin and its receptor was significantly associated with increased astrocytoma grade, suggesting that the pathway may be involved in tumor progression. These data provide further support for endogenous GHS-R and ghrelin as possible important players in tumor cell growth and invasion (Fig. 7) .
From a clinical perspective, ghrelin and GHS-R agonists have received considerable attention because of their positive effects on food intake and the GH/IGF axis (2), because of their inhibitory effects on inflammatory mediators (8, 12, 67) , and as a possible clinical intervention in cancer cachexia (68) . However, given that ghrelin increases astrocytoma cell motility and invasion, additional detailed experimentation may be required before extensive clinical trials are designed using ghrelin or synthetic ghrelin mimetics in cancer patients. Although high doses of ghrelin and GHS-R agonists may promote food intake or attenuate wasting associated with cancer or chronic inflammation, prolonged administration of these compounds may increase the risks of tumor progression. Overall, our study provides direct evidence that ghrelin, presently considered exclusively as a classical endocrine hormone, also exerts autocrine/paracrine effects in promoting cell motility and invasion in cancer and thus may play a critical role in the brain tumor microenvironment. Selective targeting or disruption of the ghrelin/GHS-R pathway might prove beneficial in reducing the growth and development of central nervous system tumors.
